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Introduction
Each day a huge quantity of solar energy reaches our planet, which vastly exceeds the human's yearly power consumption (Lewis, 2007) . From the many uses sunlight may have, solving water disinfection problems may become one of its most noble applications. Large incidence of mortality can be seen worldwide caused by polluted water and children are the most affected with many deaths everyday (Blanco et al., 2009) . Additionally, the presence of pathogens in irrigation water not only damages crops, but also is responsible for the widespread use of hazardous chemicals in crop fields (Rodriguez-Mozaz et al., 2015) . The combination of sunlight and appropriate photoactive materials may be used to tackle this problem (Sun et al., 2013; Schüler et al., 2013) .
In sunny countries, solar water disinfection seems to be a very interesting alternative to help improve water quality [Nalwanga, et al., 2014] . Solar water disinfection using a compound parabolic collector has reported to efficiently inactivate Salmonela sp. and E. coli [Sciacca, et al., 2010] . Ergaieg et al (2008) have reported the photoinactivation of Gram-positive and Gram-negative E. coli using porphyrin derivatives and have also discussed the different mechanisms (Types I and II) involved in the phototoxicity of their photosensitizer. Other methods for water decontamination use natural or artificial solar irradiation and TiO 2 nanoparticles to promote the photodegradation of different chemicals (Schüler, et al., 2013; Vilela et al., 2012; Rengifo-Herrera et al., 2010) . Some applications involving photoinactivation of pathogens using artificial light have been made using different materials, where the cytotoxic singlet oxygen ( 1 O 2 ) is often generated (Chauhan et al., 2013; Ballatore et al., 2015; RengifoHerrera et al., 2010 (Ding et al., 2015; Vankayala et al., 2013; Long et al., 2013; Pasparakis, 2013) but also in degradation of organic pollutants in water (Xiong et al., 2005; Sun et al., 2010; Zanjanchi et al., 2010) . PCs have large planar conjugated π systems, which are responsible for the main drawback associated to this class of compounds: they easily aggregate strongly reducing their ability to generate 1 O 2 upon irradiation (Grüner et al., 2013) . One elegant solution to this problem is the functionalization of PC onto high-specific surface area materials like nanoparticles or nanocrystals, which leads to novel functional hybrid materials (Choi et al., 2012; Mthethwa et al., 2015) .
Zeolites can also be used to build PC-based hybrid materials for 1 O 2 generation. This was the case of zeolite L functionalized with PC, which has been reported by one of the authors to generate 1 O 2 , as well as to photoinactivate pathogens via a Type I mechanism upon irradiation of artificial light (Strassert et al., 2009 (Calzaferri et al., 2003) . The advantage of using zeolite L over other materials lies in its parallel one-dimensional nanochannels, where energy transfer between encapsulated dyes can be easily controlled, as reported by Lutkouskaya and Calzaferri (2006) , therefore offering interesting possibilities to add up new functionalities to the hybrid material.
The combination between Zeolite L and phthalocyanines has been explored by Lopez-Duarte et al. (2011) to design new antenna materials.
In this work we have used a hybrid material composed of nanocrystals of zeolite L functionalized with Silicon 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine dihydroxide (SiPC) to promote the photoinactivation of different living organisms (mouse cells and E. coli) using natural sunlight.
Experimental section

Sample preparation
The zeolite L crystals (ca 50 nm long) were obtained from the Clariant GmbH company. SiPC was purchased from Sigma-Aldrich and functionalized onto the surface of zeolite L nanocrystals (nZeol) after refluxing a suspension of the crystals in chlorobenzene to produce nZeol-SiPC. The presence of bulky tert-butyl groups is important to reduce the SiPC aggregation, which increases its solubility in chlorobenzene. The surface of the crystals was further functionalized with 3-aminopropyltriethoxysilane (APTES) to improve the adherence of the nanomaterial to the negatively charged cell wall, as zeta potential measurements have already shown that these particles are positively charged at pH 7.4 (Strassert et al., 2012) . The prepared nanomaterial is abbreviated as nZeol-SiPC/APTES. More details about the synthesis of the nanomaterial are available in the SI.
Viability assays for BALB/c.
As a pilot test to evaluate the nanomaterial efficiency to photoinactivate biological systems using natural sunlight, cell viability tests were first conducted using penicillin/streptomycin-resistant mouse BALB/c 3T3 clone A31 cells, which are mammalian cells widely used for cytotoxicity studies. Cell viability experiments were performed in closed quartz cuvettes (4.5 cm x 1 cm x 1 cm, 3.5 mL). For all experiments containing the nanomaterial, 1 mg of nZeol-SiPC/APTES was suspended in 1.5 mL of PBS, and 0.5 mL of cell suspension (in PBS) was added to that mixture. Negative control experiments were carried out using: i) cells + nanomaterial in the dark; ii) cells in the dark; iii) cells + sunlight. Samples were exposed to natural sunlight irradiation under continuous stirring. The sunlight irradiance (1000 Wm -2 ) was measured using a solar power meter and all experiments were done in the city of São Carlos, Brazil (Latitude 22° 01' 04" South; Longitude 47° 53' 27" West). Sampling was performed by collecting 0.1 mL of the reaction mixture in a 96-well plate at time intervals of 0, 30, 60 and 90 min of irradiation. The cells were analyzed on a Merck-Millipore guava easyCyte 8HT flow cytometer using the Guava ViaCount software module after sample incubation during at least 5 min with ViaCount® reagent in the dark. For comparison purposes, viability experiments were also carried out with artificial white light (ca 300 Wm -2 of irradiance) using a Tungsten lamp.
Viability assays for E. Coli bacteria
Cell counting of E. coli was performed with the ViaCount® reagent following the procedure of the manufacturer. Due to the high number of cells, dilutions were performed to achieve 4x10 7 cells mL -1 . The cell death was determined after irradiating 2 ml of a PBS suspension containing E. coli (1x10 7 cells mL 
Results and discussion
The excitation and emission spectra of nZeol-SiPC suspended in CH 2 Cl 2 peaks at 679 nm and 684 nm, respectively (Fig. 1a) , which is characteristic of SiPC in the monomeric form, since SiPC aggregates are not luminescent. The diffuse reflectance spectrum of nZeol-SiPC in powder showed the characteristic Qband of SiPC with maximum absorption at 682 nm. This band is broader and slightly red-shifted when compared with the one observed in the absorption spectrum of SiPC in CH 2 Cl 2 (λ max = 679 nm, Fig. S1 ).
This result may be due to the interaction between SiPC and the zeolite crystals in the nanomaterial, as well as due to the strong interactions usually observed in solid-state systems. Nanozeolite L crystals functionalized with SiPC were also characterized by thermogravimetric analysis (Fig. 1b) , from which we have estimated 10 4 SiPC molecules per zeolite crystal, which indicates a high coverage of the crystals. It has been reported that the PC-zeolite Si-O-Si binding in such system occurs via the attachment of the axial OH group of PC to one of the Si-OH groups of the zeolite surface (Grüner et al., 2013) . The ninhydrin test was used to confirm the presence of amino groups on the crystals. The presence of APTES on nZeol-SiPC/APTES is revealed by a strong purple color formed after the reaction of the amino groups with ninhydrin. The characteristic absorption bands of the product formed (Ruhemann's purple) were observed at 400 and 570 nm (Fig. S2) , confirming the existence of amino groups on the crystals' surface.
Cell viability tests were initially conducted using penicillin/streptomycin-resistant mouse BALB/c 3T3 clone A31 cells as a pilot test to evaluate the efficiency of our nanomaterial. The number of surviving cells (cell viability) after different periods of time was determined through flow cytometry experiments using a fluorophore that intercalates into the DNA of non-viable cells. The BALB/c assays ( Fig. 2(a) )
show a large quantity of photoinactivated cells in the presence of nZeol-SiPC/APTES under natural sunlight exposure (1000 Wm -2 ). Less than 9 % of the cells were still viable within 30 minutes of irradiation in the presence of nZeol-SiPC (red bars). We carried out additional viability tests using a Xenon lamp (300 Wm -2 ) as the light source.
nZeol-SiPC/APTES has also damaged the BALB/c cells to a large extent, although, in contrast to the sunlight assays, more time was necessary to achieve the same percentage of non-viable cells (Fig. S3 ). This is consistent with the lower intensity of the artificial light when compared with sunlight. Differences in shape between the power spectrum of white light and sunlight may also have contributed to the different photoinactivation efficiencies, but this minor effect was not investigated here. Cell viability assays using Gram-negative E. coli bacteria were then carried out to further test the prepared nanomaterial. The same protocol as described for BALB/c cells was adopted. The combination of nZeol-SiPC/APTES and sunlight irradiation has also lead to photoinactivation of E. coli cells, as pointed out in Fig. 3(a) . Again, the combination of nanomaterial and sunlight was responsible for the highest photoinactivation efficiency. Figs Similarly to the pilot study carried out with BALB/c cells, cellular death was also observed when E. coli cells were exposed to sunlight in the absence of the nanomaterial. This is consistent with the fact that sunlight irradiation can inhibit DNA replication and also induce bacterial mutations. However, it is also known that cellular death induced only by sunlight can be slow in the first minutes of exposure due to two different self-defense mechanisms of these cells, as reported by Rincón and Pulgarin (2003) . Fig. 4 shows a much faster photoinactivation of E. coli induced by nZeol-SiPC/APTES and natural sunlight within the first 30 min, when compared with the bacteria death after exposure to the same irradiation in the absence of nanomaterial. This reveals our nanomaterial is very efficient against the self-defense mechanisms. At longer exposure times the efficiency of our nanomaterial towards photoinactivation of E. coli using natural sunlight was not so large as one would have expected. Another photoinactivation experiment reported by one of the authors (Strassert, et al., 2009 ) carried out for a similar system but using much less intense artificial red light has shown considerably higher photoinactivation efficiencies at longer exposure times. The key point to understand this contrast seems to be the temperature used during the experiments, which was about 30 o C for the present work and 22 o C for the other one. It has been reported by Rincón and Pulgarin (2003) that temperature can influence the efficiency of a photocatalytic disinfection in two different and opposite ways: while Gram-positive bacteria become less resistant to that treatment upon increasing the temperature from 23 to 45 °C, Gram-negative bacteria become more resistant to such photocatalytic treatment upon heating. This can explain why the final disinfection efficiency of our experiments carried out at 30 o C for Gram-negative E. coli was not so high. This also indicates that the temperature trend reported by Rincón and Pulgarin (2003) is not only valid for photocatalytic disinfection experiments, but also for our photoinactivation experiments, which are primarily based on singlet oxygen generation. These results suggest that sunlight-based photodynamic treatment of pathogens using singlet oxygen-based methods may be more appropriate to photoinactivate Gram-positive bacteria, provided the treatment is carried out in Brazil, where local temperatures are considerably high over the whole year.
Conclusion
The present investigation has proved that natural sunlight and nZeol-SiPC-APTES can be successfully combined to photoinactivate mouse cells and pathogens in water. The developed nanomaterial was very efficient against the self-defense mechanisms of E. coli during the first minutes of natural sunlight irradiation. The comparison between this work and another one reported by one of the authors indicates that Gram-negative E. coli become more resistant to singlet oxygen-based disinfection treatments at higher temperatures. Disinfection treatments based on singlet oxygen generation and carried out in Brazil, where temperatures are relatively high over the whole year, may be more appropriate to photoinactivate
Gram-positive pathogens. Finally, this work contributes to the development of new functional materials for a range of important sunlight-based disinfection applications. We are currently investigating how energy transfer inside the zeolite channels can enhance the efficiency of our photodynamic treatment. 
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General Experimental Procedures
Functionalization of Zeolite L
Zeolite L nanocrystals were first dried for 24 h in a muffle furnace at 200°C. 300 mg of dry nanocrystals and 50 mL of anhydrous chlorobenzene were transferred to a Teflon vessel and sonicated for 30 min in order to reduce the nanocrystal aggregation. Subsequently, 60 mg of phthalocyanine (SiPC) were added and N 2 was bubbled for 10 min to remove moisture from the system. After 30 min of ultrasonic bath the system was refluxed at 135°C for 6 h under stirring. The functionalized zeolite nanomaterial (nZeolSiPC) was collected by centrifugation (15 min at 14,000 rpm). The recovered material was washed sequentially with chlorobenzene, toluene, dichloromethane, 0.2% surfactant Genapol® solution and deionized water for removing non-covalently bonded SiPC. Finally, 3-Aminopropyltriethoxysilane (APTES) functionalization on zeolite surface (nZeol-SiPC/APTES) was performed following a method reported in literature (Kallury, et al., 1994) .
Cell culture for BALB/c
Cells were grown in an incubator with 5% CO 2 at 37°C and 90% humidity in DMEM supplemented with 3.5 g L -1 glucose solution, 10% FBS and 1% penicillin/streptomycin solution. Cell suspension was made using 0.25% trypsin/EDTA solution (incubated for 10 min), followed by the addition of 20% FBS in PBS (pH 7.4). The suspension was centrifuged (5 min at 1,000 rpm) and the supernatant was removed. The cell concentration was determined using a Neubauer counting chamber by re-suspending the supernatant in 1 mL of culture medium. The final BALB/c cell concentration used for the experiments cited below was 10 6 cells mL -1 .
Cell culture for E. coli bacteria
The E. coli cells were cultured at room temperature in LB medium. Passage of cells was performed the day before the analysis, following overnight incubation and the subsequent flow cytometry data processing.
Ninhydrin test
The presence of APTES functionalized on the zeolite surface was confirmed qualitatively by the ninhydrin reaction. Initially, the ninhydrin test solution was prepared by dissolving 0.5 g of ninhydrin reagent in 40 mL of 1-butanol and 10 mL of deionized water (Huber and Calzaferri, 2004) . Then, 10 mg of nZeol-SiPC/APTES were added in 3 mL of ninhydrin test solution and stirred for 30 min at room temperature. The suspension obtained was centrifuged and photographic images were obtained to observe the color change of the ninhydrin solution after the ninhydrin reaction. The same ninhydrin test was carried out with free APTES. Finally, UV-Vis absorption of both resulting solutions was performed and their absorbances compared (See fig. S2 ).
Fig. S2
Colorimetric ninhydrin test. Absorption spectra after reaction of (a) free APTES; 0.5 µL in 3 mL of ninhydrin solution and (b) nZeol-SiPC/APTES; 10 mg of nanomaterial in 3 mL of ninhydrin solution. 
